Methods used to obtain and quantify high quality time-resolved dog brain phosphorus nuclear mag netic resonance C1p NMR) spectra are described. In eight animals the normoxic dog brain spectra showed 10% of total phosphorus in ATP, 14% in phosphocreatine (Per), and 38% in brain phospholipids containing phosphodies ters. The chemical shift between per and inorganic phos phate, 5.09, corresponded to an intracellular brain pH of 7.2. During hypoxia, per declined to 0.5 ± 0.3 (n = 8) of starting levels, prior to any changes in brain ATP. Simultaneous recording of the EEG was obtained in two 334 animals. During hypoxia, progressive per depletion was associated with progressive slowing of the EEG, which was essentially silent before significant changes occurred in brain ATP. Finally, the brain 31p NMR spectrum and pH were measured at 90-s intervals, and the sequential changes that followed respiratory arrest were monitored in one dog until high-energy phosphate depletion was complete.
Recent advances in phosphorus-31 nuclear mag netic resonance e 1 p NMR) spectroscopy have made possible the noninvasive in vivo assessment of bioenergetic state in intact animals (Chance et aI., 1978 (Chance et aI., , 1979 (Chance et aI., , 1980 Rob erts and Jardetsky, 1981; Gadian, 1982) . These de velopments have opened up several new avenues of investigation: Continuous observations may be per formed in a single animal; changes in bioenergetic state may be directly coordinated with changes in function; individual animals may be studied during bioenergetic stress and subsequent recovery (Delpy et aI., 1982; Ng et aI., 1982; Thulborn et aI., 1982; Hilberman et aI., 1983; Prichard et aI., 1983) ; and studies may be performed in humans that would otherwise not be possible (Chance et aI., 1981; Ross et aI., 1981; Cady et aI., 1983; Chance et aI., 1983) .
The dog brain was chosen to determine the brain's bioenergetic response to and recovery from insults through in vivo 31 p NMR spectroscopy. In contrast to high-resolution in vitro studies (Glonek et aI., 1982) , in vivo 31 p NMR reveals only seven phosphorus spectral peaks: phosphomonoesters (PME), inorganic phosphate (P), phosphodiesters (PD; predominantly brain phospholipids with phos phorus in a diester configuration), phosphocreatine (PCr), and the three peaks of ATP (0.-, 13-, ')'-ATP). Measurement of these compounds in the brain has proven difficult because the concentration of phos phorus metabolites in the brain is lower than in muscle. Furthermore, the large amount of phos phorus in the PD region has made quantification of changes in PCr and Pi difficult. To study the dy namic changes that occur during bioenergetic stress, improvements were made in the signal-to noise ratio obtained in brain 31 p NMR spectra, thereby improving the time resolution of the tech nique. The in vivo 31 p NMR spectra were quantified using curve-fitting techniques, and the 3 1p NMR spectral composition of the normoxic dog brain was determined. The ability to record the EEG during NMR data acquisition without degrading either measurement was demonstrated. Data obtained during normoxia, during severe hypoxia, and fol lowing respiratory arrest are used as examples.
METHODS

NMR spectrometer
NMR spectra were obtained using a Phosphoenergetics 250-80 NMR Spectrometer (Phosphoenergetics Inc., Phil adelphia, PA, U.S.A.) with a 31-cm bore, horizontal Ox ford superconducting magnet (Oxford Instruments, Ox ford, England). Studies were performed at 1.5 and 1.9 tesla (T) corresponding to 31p NMR frequencies of 24.3 and 32.5 MHz, respectively. A block diagram of the spec trometer is shown in Fig. 1 . The magnet has a sensitive volume of � 10 cm3 over which the magnetic field ho mogeneity could be adjusted to 0.1 parts per million (ppm). To perform experiments it is necessary for the specimen to be positioned in this sensitive volume and for the field homogeneity to be optimized.
Animal holder
To ensure reproducible centering of the brain in the homogeneous volume, a suitable animal holder was de signed and constructed, following several preliminary trials. The essential features of this holder (schematically represented in Fig. 2 ) include (a) the center of the long Plexiglas cylinder being the center of the bore of the magnet; (b) an adjustable stereotactic head holder with pins that fit snugly into the dog's external auditory canal; (c) a removable bar and pin that fit onto two of the upright posts to facilitate lateral centering of the brain; and (d) markings etched on the upright posts to facilitate vertical centering of the brain. Finally, the longitudinal posi tioning of the specimen within the bore is determined from field plots that verify the center of maximal field homogeneity in the magnet.
Animal preparation
Preliminary experiments revealed that the larger volume of the dog brain gave a stronger 31p NMR signal than that obtained from either cat or rabbit brains. Thus, dogs were chosen for further work. They were anesthe tized with halothane and oxygen, and an endotracheal tube was inserted. Arterial and venous cannulae were inserted via femoral cutdown, and the animals were po sitioned in the stereotactic headholder. Following infiltra-tion of bupivicaine, a long-acting local anesthetic, the skull was exposed through a midline incision and the mus cles of mastication reflected to avoid contamination of the brain spectra by overlying muscle. In two animals, bifrontal gold pin EEG electrodes were placed in I-mm burr holes and secured with dental acrylic. EEG was re corded with Hewlett-Packard (HP 8811A) amplifiers and a Gould 260 strip chart recorder.
The animals were paralyzed with succinylcholine (2-3 mg/kg), mechanically ventilated, and maintained on 70% nitrous oxide/30% oxygen with a succinylcholine infusion at 1-2 mg/kg/h. A 4-cm surface coil with a flexible Far aday shield was placed over the skull, and the animal was positioned so the brain lay in the center of the magnet for subsequent studies. For studies on the dog brain phantom, a dog skull sealed with dental acrylic and epoxy resin was employed.
Hypoxia was created by reducing the inspired oxygen concentration or by cessation of ventilation in paralyzed animals.
Probe design
One of the most important steps in obtaining high-res olution 31p NMR spectra from biological samples is shim ming the static Zeeman (Bo) magnetic field. The magnet is composed of many different coils, some of which are low-temperature superconducting coils, others of which operate at room temperature. The primary (Bo) magnetic field is determined by a major set of superconducting coils. Secondary superconducting and room temperature coils are designed to provide different field strengths and directions. They are all adjusted separately to optimize the homogeneity of the magnetic field. The process of adjusting the separate field strength (shim) controls to achieve optimum central field homogeneity is referred to as shimming. Ideally the Bo homogeneity should be ad justed by observing the 31p NMR spectrum. However, the very low signal-to-noise ratio of the 31p NMR spec trum makes this impractical. It has been observed that the strong proton NMR signal from tissue water can be used for shimming Bo' Because the proton NMR signal is so strong, it has been possible to obtain such signals Simplified block diagram of the 31p nuclear magnetic resonance spec trometer. The system has four major com ponents: the superconducting magnet; the room temperature shimming coils and controls; a radiofrequency trans mitter/receiver front end, used for pulse generation and signal detection; and a computer system for experimental con trol, data acquisition, and calculations. with the coil turned to the 31p resonant frequency (Ack erman et aI., 198 1; Gordon and Timms, 1982) . For ob taining high-resolution in vivo 31p NMR spectra, the proton NMR signal used for shimming must originate from the same spatial volume as the 31p NMR signal. The "surface coils" used for brain 3lp NMR have an inho mogeneous radio frequency field Bl distribution and hence an inhomogeneous signal intensity distribution.
The signal intensities have a Bl sin JlBl functional depen dence (Ackerman et aI., 1980) . Since this function is not linear in Bl, we have attempted to match the Bl distri bution of the surface coil at the proton NMR (60. 1 and 80.3 MHz) as well as the phosphorus NMR (24.3 and 32.5 MHz) frequencies by constructing a probe with a switch that enables the NMR coil to be tuned to either the 3lp NMR or the proton NMR frequency. This change is in the coil only-the transmitterlreceiver is always set for the resonant frequency of the molecule of interest. The coil is made of a one-turn l/4-inch copper tube of 4-cm diameter, shaped to conform to the skull of a dog. To minimize dielectric loss, a flexible Faraday shield is placed between the coil and the skull (Gadian, 1982) . Figure 3 illustrates the advantage of shimming the Bo field with the NMR coil tuned to proton frequency (C ross et aI., 1976; Kan et aI., 1980) . For this purpose the dog head phantom was filled with 10 mM PCr, 5 mM ATP, and 3 mM Pi solutions. The spectra were obtained in the usual fashion [60 scans averaged at 4-s pulse intervals, with the probe tuned for phosphorus (24.3 MHz)]. The spectra differ in that the shimming of the magnet was performed alternately with the surface coil tuned for proton (spectrum A) or with the coil tuned for phosphorus (spectrum B). The signal-to-noise ratio approximated 27 in A and 19 in B. The Bo shim control corresponding to the depth of view of the surface coil did differ in the two 1984 cases. These differences and the differences in the signal to-noise ratio were reproducible during repeated res him ming in these phantom experiments. These data suggest that a switchable coil that permits shimming with the coil tuned to the proton NMR frequency improves the signal to-noise ratio of the 31p NMR spectrum.
Data analysis
We have found that dog brain 3lp NMR spectra suffer from problems of spectral overlap. Even though a proton resolution of 0, 1 ppm is obtained from water in a sealed dog skull, signal resolution of better than 0.3 ppm has not been obtainable in biological samples. Distortion of the magnetic field by insertion of animals is the dominant cause of this degraded resolution. This resolution is ad equate for quantification of PCr and Pi peaks (line width 0. 3 ppm; chemical shift 5.0 ppm). However, in adult dog (and human) brain 31p NMR spectra, there exists a large, broad, brain phospholipid peak in the PD region that fur ther hinders peak resolution. Quantification of individual components of the spectra is difficult without recourse to numerical curve-fitting techniques. Therefore, a com puter program was developed and tested to analyze the brain spectra. This program uses interactive graphics for identifica tion of the individual peaks, the user specifying initial peak parameters-the position, intensity, and width at half-height. The composite curve calculated assuming a Lorentzian line shape is superimposed on the original spectrum; if necessary, the user then modifies the initial parameter estimates. Subsequently, a constrained, direct search, least-squares optimization of all the peak param eters is performed to yield a fitted curve. The amount of phosphorus in each peak and the relative peak position (expressed as the chemical shift in ppm) are thereby quantified. From the chemical shift between per and Pi' brain pH is calculated using the formula and data of Bailey et al. (1981) .
In the upper half of Fig. 4 , a normoxic dog brain spec trum (4 min; average of 60 scans at 4-s intervals) is over laid by the computer-generated fitted spectrum. The lower half shows the components derived from the raw spectrum. The position and area of each peak are deter mined by the program.
RESULTS
The average values for the distribution of phos phorus in the brain 3 1 p NMR spectra of eight normal dogs are shown in Ta ble I. In addition, the chemical shift between PCr and Pi is shown, as are the ratios between PCr/Pi and PCr/ATP. The average Pi chem ical shift of 5.09 ppm corresponds to a normoxic intracellular pH of 7.2.
Figures 5 and 6 illustrate the progressive changes in simultaneously measured brain EEG and 3 1 p NMR during extreme hypoxia in the two animals in whom the EEG was recorded simultaneously. Cor responding values for arterial blood gases, mean ar terial blood pressure, brain high-energy phos phates, and brain pH are shown in Ta ble 2. Little change in either biochemical or functional state was observed until arterial P02 values fell below 30 mm Hg (see Ta ble 2). At this extreme, cardiac failure was also observed. Although the critical hypoxic threshold differed between animals, a progressive decline in PCr and PCr/Pi ratios was observed. No significant changes in brain ATP were evident until shows a higher signal-to-noise ratio (SIN; 27 vs. 19), suggesting that switcha ble coils can improve the quality of the spectra obtained. The signal-to-noise ratio was obtained by di viding the peak PCr signal height by the root mean square noise in each case. ppm, parts per million.
PCr fell to approximately one-half the starting level (0. 5 ± 0.3 in eight animals). At this point, the EEG was essentially silent (see Fig. 5 , D-I , and 6, D-2). In the last spectrum in Figs. 5 and 6 (E-l and E-2), the animal had just expired. Essentially all of the phosphorus lies in a single Pi peak with shoulders in both the PME and PD region (note that the ver tical scale was changed in E, and the total phos phorus content remains constant within experi mental error). Figure 7 shows the progressive changes in critical parameters following respiratory arrest. These data were obtained from the computer-generated curve fitting routine described above. During the first 3 min, the spectra remained unchanged from control. Thereafter a progressive fall in PCr and PCr/Pi ra tios was observed. The early measurements of ATP are somewhat erratic. Further data are necessary to determine whether these changes are reproducible or the result of experimental error. The raw spectra suggest that ATP declined slightly at 7.5-9.0 min, then essentially completely disappeared in the 9.0 to 1O.5-min spectra. The chemical shift between PCr and Pi does not change for the first 4.5 min, and thereafter decreases progressively, repre senting a decrease in intracellular pH, presumably owing to progressive lactic acidosis. This change does not occur until the PCr/Pi ratio has fallen to -I . The early changes in the PME region are of uncertain significance, but the late increase is pro nounced. Component peaks calculated to generate the computer fit shown above, superimposed on the raw spectrum. ppm, parts per million; PME, phosphomonoesters; Pi' inorganic phosphate; PD, phosphodiesters; PCr, phosphocreatine.
DISCUSSION
These preliminary experiments have quantified the normoxic in vivo 31 p NMR spectra of the dog brain. The establishment of reliable normals is es sential for the ana l ysis of changes occurring during stress. Results obtained by standard biochemical techniques are not directly comparable. In vivo 3I p NMR measures only those phosphorus compounds that are sufficiently mobile to produce a weB-de fined resonance. In addition, the phosphorus com pound must be present in sufficient concentration (> 1 mM) to aBow separation from the underlying noise. In vivo line broadening further · constrains the is changed in spectrum E, which was obtained immediately following death of the animals. The spectrum is dominated by inorganic phosphate (Pi) with shoulders in the phospho monoester (PME) and phosphodiester (PD) region. There was no net loss of phosphorus signal. PCr, phosphocreatine.
3I p NMR spectrum so that only seven resonance regions are detectable: the three phosphorus atoms of ATP, per, PD, Pi' and PME. In contrast, in vitro chemical techniques have identified hundreds of compounds containing phosphorus in brain (Mc Ilwain and Bachelard, 1971 ).
3I p NMR readily allows relative concentration determinations, which in turn enables bioenergetic ratios to be calculated. Status is usually expressed in terms of ratios. The ratio of PCr to �-ATP mea sured by NMR (1.5) is in good agreement with re cent biochemical data obtained from dogs, in which the PCr/ATP ratio is 1.42 (Artru and Michenfelder, 1981) . There are significantly more data available from rodent brain, in which the PCrlATP ratio is somewhat higher, 1.6-1.9 (Kaasik et al., 1970; Veech et al., 1973; Norberg and Siesjo, 1975) . This species difference is not surprising since the cere bral metabolic rate is also species dependent (Siesjo, 1978) , and the ATP concentration in dog brain is somewhat lower than that in rodent brain (B. K. Siesjo, personal communication).
Using the chemical shift of P i relative to PCr, we have calculated the norm oxic intracellular pH to be 7.2 (Bailey et al., 1981) . Although this is slightly higher than the 7.05 arrived at by indirect means (Siesjo, 1978) , it is in good agreement with other results obtained in 31 p NMR studies of brain (7.2-Thulborn et al., 1982; 7.33-Delpy et al., 1982; 7.09-Prichard et al., 1983; 7.2-Cady et al., 1983) . We believe our pH translation of the chem ical shift data is perforce tentative, and recognize the need for additional experimental data to resolve the complex issues involved in the determination of absolute intracellular pH by this technique Gillies et aI., 1982) . However, 31 p NMR permits the monitoring of changes in pH during the course of an experiment. Our data show progres sive acidosis with prolonged hypoxia, as expected.
With the induction of hypoxia, no change was detectable in brain bioenergetics or electrophysi ology above a P a o 2 of 30 mm Hg. This is in good agreement with both biochemical (Siesjo, 1978) and optical (Chance et aI., 1964) results. Below this level there was a rapid deterioration of bioenergetic status. The first change seen was a progressive fall in PCr with a concomitant rise in Pi' This occurred prior to any change in ATP levels or in intracellular pH as determined by the PCr-Pi chemical shift. ATP levels were preserved until PCr was approximately half depleted. Thereafter the spectrum was pro gressively dominated by a large P i peak with shoul- A-D correspond with spectra and EEG values shown in Figs. 5 (dog l) and 6 (dog 2). No data corresponding to spectra E-I and E-2 ( Figs. 5 and 6) are presented, as these were obtained immediately following death of the animals. ders in the PME and PD regions. These data are in good agreement with those summarized by Siesjo (1978) . The failure to quantify a progressive rise in Pi in animal 1 is presumably due to difficulties in quantifying peaks when spectral overlay is severe (compare C-l and D-I with C-2 and D-2 in Figs. 5 and 6). If we assume that the predominant compound in J Cereb Blood Flow Metabol, Vol, 4, No.3, 1984 the PME region is glucose-6-phosphate, the changes in PME shown in Fig. 7 are consistent with those reported by Norberg and Siesjo (1975) , in which hypoxia resulted in an early decrease in brain glucose-6-phosphate followed by a late rise. How ever, AMP accumulation in this region could also explain the observed rise. Species differences and the differences between analytical biochemistry and 31 p NMR are particu larly evident in the PD region. The PD peak has been considered to represent precursors or break down products of brain phospholipids that, by an alytical techniques, comprise as much as two-thirds of the brain phosphorus composition (McIlwain and Bachelard, 1971) . In our dog brain spectra, the peak in the PD region accounts for nearly 40% of the to tal phosphorus NMR signal. Adult human brain spectra show a similar composition; however, this peak is not prominent in puppies or human neonates (unpublished observations). If the peak were due to water-soluble PD compounds such as glycerol-3-phosphoryIcholine or glycerol-3-phosphoryletha nolamine, it should appear prominently in the 31 p NMR spectrum of brain perchloric acid extracts. Glonek et al. (1982) showed that only small amounts of water-soluble PD were present in such extracts of rodent brain. Since the original submission of this article, we have prepared a number of extracts from funnel-frozen normoxic dog brain that have been studied by high-resolution NMR and standard bio chemical techniques. These studies indicate that the resonance in the PD region arises predominantly from PD-containing brain phospholipids. Little PD activity is obtained by ethanol extraction, the stan dard PD solvent. Methanol extraction followed by perchloric acid deproteinization yielded material with slightly more PD compounds (still <10% of the total phosphorus signal). These spectra resemble those previously published by Glonek et al. (1982) . Extraction with a lipid solvent (chloroform-meth anol-HCl) yielded an abundance of phospholipid compounds with sharp resonances at the correct location from the dimethyl phosphonic acid stan dard to account for the PD peak observed in vivo. Comparison with the external standard indicated that most of this resonance was not detectable in vivo. Desiccation and resuspension of the brain phospholipids in water yielded a spectrum with a peak of appropriate size, sharpness, and width that by calculation approximated one-half of the total extracted brain phospholipid (Cerdan, Cone, Egan, Williamson, and Hilberman, in preparation). Thus, the majority of brain phospholipid is immobilized and exists as a broad, undetectable background peak in the 31 p NMR spectrum. Our new observa-tions indicate, however, that a substantial portion of this phospholipid is sufficiently mobile to gen erate a relatively sharp NMR resonance. This sug gests new applications for 31 P NMR studies in human disease and experimental pathophysiology (S. Cerdan et aI., in preparation).
The quantification of the NMR results requires further discussion. At present, it is not possible to obtain the absolute concentration of the phosphorus metabolites from the observed brain NMR spec trum using surface coils. However, one can obtain reliable information on the relative amounts of phosphorus metabolites from the area of the re spective peaks in the 31p NMR spectrum. In the case of overlapping spectra, this leaves us with two possibilities: The first is to use resolution enhance ment techniques, such as convolution difference. These techniques, however, degrade the signal-to noise ratios of the NMR spectrum. The alternative approach is to use curve-fitting algorithms and ob tain quantitative results using the components of the fitted curve. We have chosen to combine these techniques in order to minimally degrade the signal to-noise ratio of the NMR spectrum. Finally, it should be noted that consistent detection of total phosphorus (± 5%) in the spectra is obtainable within a single dog experiment by formalization of spectral manipulation by this program.
There are several advantages to the use of a ca nine model as opposed to the rodent one. The signal-to-noise ratio of the NMR experiment is di rectly proportional to the quantity of phosphorus metabolites within the homogeneous field of the magnet. The larger dog brain is clearly better in this regard. The larger size of the dog also facilitates the use of electrophysiological and hemodynamic mon itoring techniques. Of more importance than these technical factors is that the dog brain 31p NMR spectrum resembles that of the human brain. The few 31p NMR brain studies done on adult humans (C. Barlow et aI., unpublished observations) have demonstrated the presence of a very large, broad signal in the region that we now believe arises from PD-containing brain phospholipids. By contrast, the 31p NMR studies performed on rodents and human neonates reveal that the phospholipid peak is not as prominent (Chance et aI., 1978; Thulborn et aI., 1982; Cady et aI., 1983; Prichard et aI., 1983) .
One of the major disadvantages of the 31p NMR method is the poor signal-to-noise ratio. This is compounded in brain NMR by a prominent brain phospholipid-to-PD ratio and by a PCr concentra tion that is less than one-fifth that of skeletal muscle. In vivo 31p NMR studies of muscle bio-energetics have consistently been easier to perform using the same magnet and spectrometer. Probe lo cation has been easy to fix for muscle studies, and interference from overlying tissues has not been a problem. High muscle PCr levels have permitted measurement of PCr/Pi ratios every 5 s after initi ation of exercise (Chance et aI., 1982) , and by gating repeated signal acquisition to repeated skeletal muscle contractions, a time resolution of 0.1 s has been obtained (Idstrom et aI., 1984) . The skull may introduce field inhomogeneities that account for some of these differences, and repetitive work or stress events, which are easily generated for skel etal muscle, are not so easy to generate for the brain. It has been possible to improve signal-to noise ratios by the proper choice of probe design, species selection, and animal holder design. Patient, meticulous shimming is essential. 3 1 p brain NMR spectra may thereby be obtained within 1.5 min, which is comparable in signal-to-noise ratios with other published spectra accumulated over 10-20 min (Prichard et aI., 1983) . This improved time res olution offers the opportunity to study the meta bolic response of the brain to rather intense insults and even to observe metabolic transition states during the insult as well as during the recovery after it. Further improvements can be expected with im proved coil design and high-field strength magnets with larger homogeneous volumes.
We can conclude from the present results that 31p NMR offers the opportunity to study dynamic pro cesses in brain bioenergetics concurrently with physiological parameters. This allows the correla tion of hemodynamic and brain electrophysiological function with brain phosphorus biochemistry in a single animal.
